Serum concentrations of 35 ortho-substituted polychlorinated biphenyl congeners (PCBs) were measured in 765 adults from Anniston, Alabama, where PCBs were manufactured between 1929 and 1971. As part of the Anniston Community Health Survey (ACHS), demographic data, questionnaire information, and blood samples were collected from participants in [2005][2006][2007]. Forty-six percent of study participants were African-American, 70% were female, and the median age was 56 years. The median concentration of the sum of 35 PCB congeners (ΣPCBs) was 528 ng/g lipid, with a 90th percentile of 2600 ng/g lipid, minimum of 17.0 ng/g lipid, and maximum of 27,337 ng/g lipid. The least square geometric mean ΣPCBs was more than 2.5 times higher for African-American participants than for White participants (866 ng/g lipid vs. 331 ng/g lipid); this difference did not change materially after adjustment for age, sex, body mass index (BMI) and 
Introduction
Anniston, Alabama, is the site of a production facility that produced polychlorinated biphenyls (PCBs) from 1929 to 1971. In 1935 the facility was purchased by the Monsanto Company, which owned and operated the plant until 1997. PCB production in the Anniston plant ceased in 1971. Monsanto also owned the only other facility that produced PCBs in the United States (Krummrich plant, Sauget, Illinois). Fairly detailed data on sales volumes were published (Nisbet and Sarofim, 1972) , and the EPA estimates that 1.4 billion pounds was produced in total (EPA, 1976; ATSDR, 2000a) . It is estimated that both facilities produced about the same amount of PCBs.
Specific details on production, sources of PCB emissions into the environment, or PCBcontaining waste sites in Anniston are based on court documents from the series of litigations in Anniston (1996 Anniston ( -2003 as published by the lay press (Grunwald, 2001; Love, 2007) . Direct discharges of liquid waste containing PCBs from the plant to sewers and discharge ditches leading to Snow Creek seemed to be the main source of contamination in Anniston. Monsanto estimated surface water discharges to range from less than a pound per day up to 250 lb (114 kg) per day. In 1970, the average discharge was estimated to be 88 lb (40 kg) per day, and PCB releases to air may have amounted to 0.5-2 lb (0.2-0.9 kg) per day (Grunwald, 2001) . Monsanto undertook extensive efforts to reduce surface water discharges from 1969 through the end of production in 1971 (Durfee, 1976) . During PCB production in Anniston, there were no federal or state regulations governing the manufacture, sale, distribution, disposal or cleanup of PCBs. An estimated 1 million pounds of PCB-containing solid and liquid waste was deposited in unlined and previously uncapped landfills south and west of the Monsanto facility. PCBs may have dispersed in Anniston via air transport (Hermanson et al., 2003; Hermanson and Johnson, 2007) and movement of contaminated soils and water (ADPH, 1996; ATSDR, 2000b,c) .
Ingestion of contaminated food products, especially fish and livestock, is the most important pathway of PCB exposure in non-occupationally exposed persons (Hovinga et al., 1992; Humphrey and Budd, 1996; Kreiss et al., 1981; Schecter et al., 2001; Startin, 1994) . Exposures by way of inhalation and dermal contact have also been studied (DeCaprio et al., 2005; Löffler and van Bavel, 2000) and generally contribute much less to the body burden. In Anniston, records of high PCB contamination of locally raised hogs, chickens and other animals were presented during litigation (Chemical Industry Archives, 2001; Love, 2007) . The contamination of local fish (above the U.S. Food and Drug Administration's published tolerance of 2 ppm [edible portion]; 21CFR109.30, 2012) resulted in "no consumption" fish advisories in the 1990s that are still in effect (ADPH, 1995 (ADPH, , 1996 (ADPH, , 2011 .
In 1995, ATSDR evaluated whether PCB levels in residents of Anniston were elevated in a sample of 103 volunteers living in the immediate vicinity of the plant (ADPH, 1996) . Total PCB blood levels (based on Aroclor standards) ranged from <5 ppb to 303 ppb (ng/g whole weight); 31 of 103 persons had undetectable levels, while 5 persons had levels above 100 ppb. Age was a major determinant of PCB levels; 61% of those older than 50 years had levels above 20 ppb, while no person younger than 28 had PCB levels above 20 ppb.
Data collected between 1996 and 1998 from more than 3000 plaintiffs in one of the Anniston litigation efforts (Abernathy vs. Monsanto) were submitted for ATSDR review in 1999 (ATSDR, 2000b) . PCB concentrations in almost half of the blood specimens collected were below the detection limit (3 to 5 ng/g whole weight). The samples were analyzed for total PCBs based on Aroclor standards. Over 17% of the participants had PCB levels above 20 ppb (ng/g whole weight). Data verification and quality control were limited in the dataset provided to the agency. Whereas earlier ATSDR assessments did not include congenerspecific PCB results, a smaller study (Hansen et al., 2003) identified up to 47 congeners or pairs of congeners in one or more of 12 blood samples collected from the Anniston residents in 2000. The sum of these PCBs ranged from 0.68 ng/g whole weight in an 8-year-old child to 71.6 ng/g whole weight in a 69-year-old woman.
The results of exposure investigations that documented elevated levels of PCBs in some Anniston residents and environmental matrices caused community concerns over potential health effects due to exposure. In response to those concerns and following congressional hearings, ATSDR funded the Anniston Environmental Health Research Consortium to conduct exposure and health studies in Anniston. The results from human health studies of environmental PCB exposure provide some evidence of associations between PCB serum levels and a variety of health outcomes, including diabetes and its precursors (Codru et al., 2007; Langer et al., 2002; Lee et al., 2007 Lee et al., , 2011 Rylander et al., 2005; Vasiliu et al., 2006; Wang et al., 2005) , hypertension (Everett et al., 2008; Ha et al., 2009) , adverse thyroid and metabolic health signs (Langer et al., 2009; Persky et al., 2001; Turyk et al., 2007) , immune system effects (Heilmann et al., 2006; Park et al., 2008) , and some cancers (De Roos et al., 2005; Hardell et al., 2004) . The results from Anniston on PCBs and health outcomes such as hypertension, blood pressure, and diabetes (Goncharov et al., 2010 (Goncharov et al., , 2011 Silverstone et al., 2012) are generally supportive of these findings. Evaluations of prospective cohort studies of PCBs and associations with health outcomes found suggestive support for diabetes (Taylor et al., 2013) , inconclusive findings for thyroid outcomes (Salay and Garabrant, 2009) , and a lack of evidence for breast cancer (Laden et al., 2001 ).
The goal of the present study was to characterize PCB exposure in a refined assessment by measuring 35 ortho-substituted PCB congeners in serum samples collected from 18-to 93-year-old Anniston residents living in close proximity to the former PCB production facility and to provide percentile distributions of ΣPCBs and individual PCB congener profiles.
Methods

Study design and population
The Anniston Community Health Survey (ACHS) is a cross-sectional community-based study of residents of Anniston, Alabama (population of approximately 24,000). The study was reviewed and approved by the University of Alabama Institutional Review Board. At CDC, analyses were conducted as technical assistance and in compliance with the Research Determination procedure; an exemption from the CDC IRB was obtained. A pool of 3320 eligible addresses was randomly selected from a commercial list of all residential properties in Anniston with intentional oversampling (two thirds of all eligible) of residences in west Anniston-the location of the former PCB manufacturing facility (Silverstone et al., 2012) . Oversampling in west Anniston resulted in a stratified sample that facilitated enrollment of residents with residences closer to the plant and thus with higher potential for PCB exposure.
Current Anniston residents 18 years of age and older were eligible to participate and 1823 households were successfully contacted. Written informed consent was obtained from all participants at the time of the household survey and the survey questionnaire was administered by a trained interviewer. A total of 1110 randomly selected participants -one per household -completed the interview, resulting in a survey response rate of 39% (1110/2831 = 0.39. (2831 = 3320 total addresses-489 vacant or nonresidential addresses.)); 774 of those volunteered to provide blood samples during [2005] [2006] [2007] . The age, sex, and race distributions of those who did not provide blood samples did not differ materially from those of the participants who did. A standardized questionnaire solicited information on demographics; sex-specific and general health histories; nutritional, occupational, and health behaviors data; environmental perceptions; and litigation knowledge. We present only selected demographic and health behavior data in this paper.
Chemical analyses
Ten milliliters of blood (fasting) was collected from each participant by venipuncture as part of a study office visit in [2005] [2006] [2007] . After centrifuging, 2 mL of serum from each participant was frozen at the ACHS study office in Anniston. The specimens were then sent on dry ice to CDC's National Center for Environmental Health (NCEH) laboratory (Atlanta, GA), where they were stored at −70 °C until chemical analysis. Eight samples failed to meet quality control requirements and were discarded.
Thirty-five ortho-substituted PCBs were measured in serum by CDC's NCEH laboratory using high-resolution gas chromatography/isotope-dilution high-resolution mass spectrometry (HRGC/ID-HRMS) as reported previously (Sjödin et al., 2004) . The congeners measured were PCBs 28, 44, 49, 52, 66, 74, 87, 99, 101, 105, 110, 118, 128, 146, 149, 151, 153, 156, 157, 167, 170, 172, 177, 178, 180, 183, 187, 189, 194, 195, [196] [197] [198] [199] [200] [201] [202] [203] 199, 206, and 209 (Supplemental Table 1 ). Briefly, serum specimens (2 mL) were fortified with 13 C 12 -labeled internal standards and diluted with concentrated formic acid and water using a 215 liquid handler (Gilson Inc.; Middleton, WI) for automation. Automated solid phase extraction (SPE) using silica and silica/sulfuric acid lipid degradation were performed on the Rapid Trace SPE work station (Caliper Life Sciences Inc.; Hopkinton, MA). Samples were then injected into a Hewlett-Packard 6890 gas chromatograph equipped with a DB-5 ms capillary column (30 m × 0.25 mm× 0.25 μm film thickness) coupled to a Thermo Finnigan MAT95 XP mass spectrometer operated in EI mode using selected ion monitoring at 10,000 resolving power. The concentration of each analyte was calculated from its calibration curve. Analytical results were reported on both a whole-weight and lipidadjusted basis. Serum total lipids were calculated using an enzymatic "summation" method using triglyceride and total cholesterol measurements (Bernert et al., 2007) . Median limits of detection (LOD) ranged from 0.4 ng/g lipid to 1.3 ng/g lipid (Supplemental Table 1 ). Repeatability of measurements was excellent; the coefficients of variations between blinded QC replicate samples ranged from 2.4 to 11.2 for each congener.
PCB congeners have several possible patterns of chlorine atom substitution around two phenyl rings that determine their chemical and toxicological properties; non-ortho, monoortho, di-, tri-and tetra-ortho chlorine substitutions are possible (Safe, 1993; Hansen, 1998) . Out of 209 possible congeners, these 35 were chosen for analysis because of their relevance in human exposure assessment from multiple exposure pathways and because they represent the majority of steady-state and episodic PCB congeners that are selectively found in humans (Hansen, 2001) . Most of the congeners measured in the Anniston sample were diand higher ortho-substituted congeners. We also measured mono-ortho-substituted PCBs 101, 118, 156, 157, 167, and 189, which are dioxin-like and act through the aryl hydrocarbon receptor (AhR) as dioxins do (Hansen, 1998; IARC, 1997) . Mono-orthosubstituted congeners have much weaker dioxin-like activity than do the non-ortho co-PCB congeners (Van den Berg et al., 2006) .
Statistical analysis
Congener-specific LODs were reported from the laboratory for each participant based on serum specimen volume and weight. For calculation of geometric means (GM) and selected percentiles, any concentration that was less than the congener-and participant-specific LOD and had no measured value (i.e., a value of zero) was assigned a value equal to the LOD divided by the square root of 2 (Hornung and Reed, 1990) . When measured concentrations below the LODs were reported from the laboratory, those measurements (rather than substituted values) were included in the dataset and analyses because a reported result is the best available estimate of the true value (ASTM, 1989) . If the proportion of results below the LODs was greater than 40%, geometric means were not calculated for that congener. For each congener, if the median LOD was above a given percentile estimate, the percentile was denoted as "<LOD" and not reported. The participants were classified by self-identification as African-American or White. We computed the sum of 35 PCBs (ΣPCBs) on both a lipid-adjusted (ng/g lipid) and wholeweight basis (ng/g whole weight). For estimates of ΣPCBs, the individual congeners with non-detectable results were assigned a value of LOD/√2. There were very few missing results for individual congeners, which were not counted in the PCB totals. Percentiles of distribution were compared among race and age groups by examining whether or not the 95% confidence intervals overlap, which is a conservative method of rejecting the null hypothesis (Schenker et al., 2002) .
Congener-specific results are presented by race and by sex as well, with the percentage each congener contributes toward ΣPCBs and the ratio of the level of each congener to that of PCB 153. Least square geometric means from the analyses of covariance (SAS/STAT® 9.1) are presented unless denoted otherwise. Geometric means were adjusted for age, BMI, current smoking status, and either race or sex, respectively, for ease of comparison by race and sex, as well as with results from other studies.
Principal component analysis (PCA) was also used to explore relationships between serum concentrations of individual PCB congeners in this sample. After use of PCA to reduce the dimensionality of the dataset by transforming it to a set of new, uncorrelated eigenvectors (principal components) (Johnson et al., 2002; Joliffe, 2002) , PCA results were displayed in a scores plot to show distribution of the original data by the principal components, as well as in a loadings plot to show groups of co-varying congeners. For the PCA, PCB concentrations were standardized by dividing the concentration of each congener by ΣPCBs; the data were then centered by subtracting their averages and scaled to unit variance. These transformations were conducted in order to prevent high-concentration congeners from dominating the analysis (Johnson et al., 2002) . All PCA and plots were generated using SIMCAP (Umetrics; Umeå, Sweden).
Results
Demographic characteristics of participants stratified by race are summarized in Table 1 . The study sample was 46% African-American and 70% female. Mean age was about 54 years (range of 18 to 92) for African-American participants and 56 years (range of 19 to 93) for White participants. Body mass index (BMI), number of pregnancies, and proportion of current smokers were similar across race groups. White participants resided in Anniston for about 5 years longer and drank less alcohol in the past 30 days. A higher proportion of African-American participants (89.2%) than of Whites (79.4%) lived in west Anniston, the neighborhood adjacent to the former PCB plant. The mean distance of the current residence from the plant was 2.4 km for African-Americans and 4.2 km for Whites. More AfricanAmericans than Whites completed at least a high school education.
Geometric means, medians, and selected percentiles for 35 measured ortho-substituted PCB congeners are shown in Table 2 for African-Americans and in Table 3 for Whites. Most PCB congeners were measured with detection rates of at least 80% of results above the individual LOD in both race groups (26 congeners among African-Americans and 24 among Whites). Among the White participants, several congeners were detected with less than 26% of results above the congener-specific LODs. Among African-Americans, PCBs 44 and 49 were the only two congeners for which such small proportions of results (approximately 13% and 11%, respectively) were above the LODs. (Supplemental Table 1 lists the median LOD for each congener.)
Median PCB congener levels were generally two to three times higher in African-Americans than in Whites for most congeners. The seven most abundant congeners, with the highest median levels, contributed over 65% of ΣPCBs (70.9% in African-American participants, 66.2% in Whites). Among African-American participants, these congeners were PCBs 153 (contributing a relative 22% to ΣPCBs), 138-158 (15.3%), 180 (12.9%), 187 (6.2%), 118 (5.8%), 170 (4.8%), and 199 (3.9%). For White participants, these congeners were PCBs 153 (19.8%), 180 (16.5%), 138-158 (13.1%), 187 (4.9%), 199 (4.6%), 194 (4%), and 196-203 (3.3%).
The geometric mean for ΣPCB congeners was 516 ng/g lipid and the median was 528 ng/g lipid (range = 17.0-27,337 ng/g lipid) ( Table 4 ). African-Americans had ΣPCBs that were more than two times higher than Whites had at the geometric mean (866 ng/g lipid vs. 331 ng/g lipid) and median, with ΣPCBs about three times higher at the 75th, 90th and 95th percentiles.
The results of the current study showed that PCB levels were age-and race-dependent. Lipid-adjusted geometric means and the 95% confidence intervals for ΣPCBs are presented by race for three age groups (20-39, 40-59, and ≥60 years old) in Table 5 . AfricanAmericans had higher geometric mean ΣPCBs than Whites did in each age group-two times higher in the youngest age group and almost three times higher in the older age groups. The highest ΣPCBs were observed in the oldest age group (≥60 years old) of African-Americans at a geometric mean of 1874 ng/g lipid, compared to 683.8 ng/g lipid among Whites.
No major differences by sex were observed, but after adjustment for age, BMI, race and current smoking, ΣPCBs was marginally higher in men than in women (526 ng/g lipid vs. 516 ng/g lipid) (Table 6 ). However, levels of lower-chlorinated congeners were somewhat higher in women, with almost twofold higher percentage contributions to ΣPCBs from congeners 74, 99, and 118. Levels of more highly chlorinated congeners were slightly lower in women.
The largest differences in PCB concentrations for any covariate studied were by race, with ΣPCBs almost three times higher among African-American participants than among Whites, after adjustment for age, BMI, sex, and current smoking (Table 6 ; Fig. 1 ). In general, the differences between concentrations of individual congeners were similar in proportion to the difference seen for ΣPCBs. We should note, though, that percentages of contribution to ΣPCBs and ratios to PCB 153 were similar across race groups and not uniformly higher in African-Americans (Table 6 ; Supplemental Fig. 1 ). For certain congeners, including lowchlorinated PCBs 28 and 74 and highly chlorinated PCBs 194, 195, 196, 199, 206 , and 209 (9 or 10 chlorines each), percent contributions to ΣPCBs and ratios to PCB 153 were higher in White participants. While the percent contributions to ΣPCBs for most of the most abundant penta-to heptachlorobiphenyls were similar but higher among African-Americans, the percentages were marginally higher in Whites for PCBs 156, 157, 170 and 180.
When stratified by race, no substantial differences by sex in ΣPCBs were observed in African-Americans (903 ng/g lipid for men vs. 849 ng/g lipid for women, p = 0.67) or Whites (349 ng/g lipid in men vs. 324 ng/g lipid for women, p = 0.54) (adjusted for age, results not shown).
Relationships between serum concentrations of individual PCB congeners were examined using PCA. Principal component 1 (PC1) appears to be strongly related to participant age (Fig. 2) . Together, PC1 and PC2 account for 41% of the variance in these data. PC1 accounts for 27% and PC2 for 14% of the variance, respectively. The variance described cumulatively by adding additional principal components is shown in Supplemental Fig. 2 .
The loading plot in Fig. 3 shows patterns in the congener profiles seen in the participants. It shows a tight grouping of congeners with eigenvector values for PC1 > 0 and for PC2 < 0 (Group A, in the bottom right quadrant), mainly including congeners with 2,5 substitution (PCBs 44, 49, 52, 101, an 151) and 2,3,6 substitution (PCBs 110, 149). Group A also includes the tri-and tetrachlorinated but more persistent PCBs 28, 66, and 74. Also on the right side (PC1 > 0) but in the upper quadrant (PC2 > 0), Group B mostly consists of pentato heptachlorinated and 2,4,5-substituted congeners, including PCBs 99, 118, 138, 146, 153, 167, 183, and 187 . Groups C1 and C2, on the left side of the plot (PC1 < 0), include more highly chlorinated congeners with the core 3,4,5 substitution: 3,4,5-substituted PCB 157; 2,3,4,5-substituted PCBs 156, 170, 180, 189, 194, 196, 199, 206, and 2, 3, 4, 5, . Also in Group C1 are 2,3,5,6 substituted PCBs 177 and 178. The separation between C1 and C2 appears to be on the basis of chlorination, with the most highly chlorinated congeners are in C2 and the rest in C1. The location of Groups C1 and C2 on the left side of Fig. 3 (PC1 < 0) , matching the distribution of older participants across PC1 (Fig. 2) , suggests that enrichment of Group C congeners is greatest in older participants; this pattern is most pronounced for Group C2, which contains the most highly chlorinated congeners.
Discussion
Anniston, Alabama, PCB production site
This manuscript adds to the body of literature that examines environmental exposures to PCBs in Anniston, Alabama (ATSDR, 2000b (ATSDR, , 2006 Carpenter et al., 2003; Orloff et al., 2003; Hansen et al., 2003; Martín-Jiménez and Hansen, 2008) . However, several aspects of the Anniston PCB site not specifically addressed in any of the previous documents are important to the context and conclusions of this study.
This study focused on residents who lived near the former plant, where the potential was expected to be highest for exposure to historical releases from the facility and to environmental PCB residues. During PCB production in Anniston, Monsanto produced a number of Aroclor mixtures (1016, 1221, 1232, 1242, 1248, 1254, 1260, 1262 + 1268 , and possibly also 1270) for capacitor and transformer producers, as well as about 3000 other customers (Brown and Lawton, 2001) . The Anniston population thus had the unique potential to be exposed to a combination of PCBs from essentially all production and experimental Aroclors produced over time. By contrast, most other exposed populations in occupational settings or residential communities near industrial PCB waste sites were mostly exposed to a more limited spectrum of Aroclors (usually 3 or 4), with only one Aroclor mixture used during a given time period (Choi et al., 2006; Seegal et al., 2011; Wolff et al., 1982) .
PCB production in Anniston also led to discharges of non-product PCBs into the environment at various stages of the manufacturing process, whether in spills, leaks into cooling water, or in solid waste as described for Monsanto's other PCB plant (Durfee, 1976) . These discharges likely contained congeners or mixtures that do not match any Aroclor product profile. Disposing of Aroclor-grade product into landfills or wastewater made no commercial sense; this important point has often been overlooked in past studies of environmental PCB exposures. In any case, although analysis of Aroclor "fingerprinting" has been attempted at other sites (DeCaprio et al., 2005; Fitzgerald et al., 2007b) , matching a specific pattern indicative of Aroclors that came from the Monsanto plant in Anniston to the congeners identified in the participants' serum would be difficult to do since we do not know the pattern.
PCB patterns observed in Anniston residents
The seven most abundant congeners in the study sample were PCBs 153, 180, 187, 118, 170, and 199 , although the order was slightly different for each race group. PCBs 153, 138-158, and 180 are considered to be the most consistently detected PCBs in human tissue around the world and present at the highest proportions relative to other congeners (Hansen, 1998) . These highly chlorinated congeners are resistant to breakdown by the P450 enzyme system (Hansen, 1999; Safe, 1993) , so their presence likely reflects lifetime exposures.
It could be argued that the most abundant congeners found in the Anniston participants were also present in large proportions in Aroclors 1260 and 1254 (Frame et al., 1996; ATSDR, 2000a) . Specifically, those dominant among the African-American participants (PCBs 187, 118, 170, and 199) were components of Aroclors 1260 and 1254. The composition of Aroclor 1260 was up to 9.39% of PCB 153, 6.54% of PCB 138, 11.4% of PCB 180, 5.4% of PCB 187, 4.1% of PCB 170, 1.78% of PCB 199 and 0.48% of PCB 118 (ATSDR, 2000a) . Although some of these congeners were also present in Aroclor 1248, each makes up less than 2.5% of the 1248 mixture. Notably, the lot of Aroclor 1254 in which PCB 118 was a major component (nearly 14%) was not produced in Anniston (ATSDR, 2000a) . Meanwhile, the congeners more abundant among the White participants (PCBs 187, 199, (196) (197) (198) (199) (200) (201) (202) (203) and 194) were found in Aroclor 1260 and to a far lesser extent (contributing less than 1% each) in Aroclor 1254. Due to widespread and long-term industrial use of PCBs in Anniston and elsewhere, and consequent contamination of food and environmental media, it is impossible to pinpoint specific origins of individual congeners in human samples.
Detailed PCB congener profiles of PCB-containing waste are rarely provided for soil and sediment samples from affected communities. Soil and sediment samples from Anniston have not been assessed for congener profiles (ATSDR, 2000b) . However, previous studies suggest very little direct contribution to PCB body burden from soil and dust exposure in general (Kimbrough et al., 2010) and in Anniston in particular (Orloff et al., 2003) .
In order to explore further the patterns of congeners found in these Anniston residents, we used PCA to examine groups of co-varying congeners. As shown in the PCA loading plot for the first two principal components (Fig. 3) , the groupings were most distinctly classified by the congeners' chlorination. As mentioned, congeners that are more highly chlorinated are generally more resistant to biotransformation and elimination from the body (Hansen, 1999; Safe, 1993; Seegal et al., 2011) . Although there are exceptions to this broad observation (with PCB 28 and 74, for example, classified by Hansen (2001) as steady-state congeners), the general trend of longer half-lives for highly chlorinated congeners suggests that higher proportions of these congeners would be observed in older individuals, whereas the presence of less-chlorinated congeners -which are, generally, more readily eliminatedmay reflect more recent exposure and so would be typically expected to contribute to ΣPCBs in greater proportions among younger individuals. Accordingly, the positions of Group A, C1 and C2 on the right and left sides of the loading plot align with the distribution of participants by age across PC1, with younger participants concentrated on the right and older ones on the left.
Beyond the distribution of the groups across PC1 by, in most cases, overall chlorination of congeners, several patterns emerged with regard to the positions of chlorine atoms on the grouped congeners. The underlying substitution patterns within congener groups are very similar between the groups identified in Fig. 3 and those found by Megson et al. (2013) in their application of PCA to the NHANES 2003-04 sample. Similar to Group 1 identified by Megson et al. (2013) , our Group A included congeners with bonding in the 2,5, and 2,3,6 positions (PCBs 44, 49, 52, 101, 110, 149, and 151), which are likely to be quickly biotransformed and classified as episodic (Hansen, 2001 ). Group B included 2,4,5-substituted congeners, similar to those in Megson et al.'s (2013) Group 3. Differing from the position of Group 3 found by Megson et al. (2013) across both quadrants where PC2 < 0, our Group B is located where PC2 > 0 -where middle-aged participants are concentrated (Fig. 2 ) -and PC1 < 0. Their presence on the left side of the plot indicating enrichment in older participants, Groups C1 and C2 mainly included 2,3,4,5 and 2,3,4,5,6-substituted congeners, corresponding to those in Megson et al. (2013) Group 2. However, our Groups C1 and C2 are distinctly separated across quadrants, with the most-chlorinated congeners in C2, whereas Group 2 identified by Megson et al. (2013) falls almost entirely within a single quadrant (PC1 < 0, PC2 > 0). The similarities between congener groupings seen in Fig. 3 and by Megson et al. (2013) suggest that chlorine substitution patterns and structural activity of PCB congeners dictate these groupings, resulting in only minor differences despite much higher serum concentrations of PCBs in these Anniston residents than in the NHANES 2003-04 sample and demographic differences.
The descriptive groupings in our analyses do not necessarily correspond with toxicity groupings defined by structure and activity, such as those recently reviewed by Warner et al. (2012) . We must emphasize that the groupings shown in Fig. 3 are suggestive and dependent on this specific sample's distribution, not confirmatory.
Internal comparisons
Among all participants (n = 765), the geometric mean concentration for ΣPCBs was 516 ng/g lipid with a range of 17.0 ng/g lipid to 27,337 ng/g lipid (Table 4 ). Higher concentrations of ΣPCBs were found in African-Americans than in White participants (Table 4 ) and much higher concentrations of ΣPCBs were found in the older age groups than among younger participants (Table 5) . Geometric mean ΣPCBs in the ≥60-year-old groups were nearly three times higher for African-Americans than for Whites. In those under 40 years old, the difference was smaller, but ΣPCBs were still higher among African-American participants than in Whites.
In agreement with our assessment of unadjusted data, we did not see major differences in congener profiles by race. Stronger similarities than differences are observed with regard to proportion contributed to ΣPCBs and ratio to PCB 153 (Supplemental Fig. 1 ), in contrast with large differences in absolute levels (Fig. 1) . This similarity in profiles appears to suggest that the sources of PCB exposure did not differ substantially between race groups. We calculated the ratio of the level of each congener to that of PCB 153 as it may provide a crude standardization (relative proportion) of PCB congener levels, because PCB "totals" presented in research studies vary widely and are highly inconsistent in regard to the congeners measured or included. These results may indicate that the retention of some individual congeners is tightly controlled in humans, irrespective of the sources of PCBsindependent of absolute levels of exposure and demographic differences.
External comparisons
We compared ΣPCB concentrations in Anniston to the NHANES 2003-2004 results stratified on age and race (Patterson et al., 2009) . ACHS participants had serum concentrations of ΣPCBs two to three times higher than did the general US population in comparable age and race groups from the NHANES 2003-2004 (Table 5) . While for African-Americans, this increase in comparison to the NHANES was still evident in the youngest age group (20-39 years old), the concentrations in White ACHS participants in this age group were similar to and lower than that reported from NHANES (68.2 ng/g lipid vs. 82.5 ng/g lipid).
Caution is necessary when comparing PCB results from other studies because of differences in populations, time periods and analytical methods (Longnecker et al., 2003) . Selection and composition of the Anniston sample clearly differed from NHANES even when compared to similar race and age groups. However, the time frames when data were collected for the present study (2005) (2006) (2007) and NHANES [2003] [2004] were similar, and analyses of the same 35 congeners were conducted at the same laboratory using similar analytical methods.
We also contrasted Anniston PCB congener data to results from an older population of the upper Hudson River community living in close proximity to PCB-contaminated sites and General Electric (GE) industrial facilities that used large amounts of Aroclors (Fitzgerald et al., 2007a (Fitzgerald et al., , 2012 , and to a cohort of capacitor manufacturing workers from the same area who provided valuable information on congener profiles and half-lives of PCBs after 28 years of follow-up (Seegal et al., 2011) .
The geometric mean for the sum of 30 PCB congeners in the upper Hudson study population older than 55 (with at least 25 years of residence) was 473.4 ng/g lipid in samples collected in [2000] [2001] [2002] ; levels in the comparison group (residents of towns upriver from the GE plants) were almost identical (Table 7; Fitzgerald et al., 2007a) . Aroclor 1254 was used in nearby capacitor-making facilities from 1946 to 1953, followed by Aroclor 1242 from 1953 to 1970, and then mostly Aroclor 1016 from 1971 to 1977 (Fischbein et al., 1979) . These PCB concentrations are lower than the geometric means in Anniston for the 40-to 60-yearold African-American group and the ≥60-year-old White group (Table 5 ). The levels of congeners 28 and 74 in the Hudson group are higher than in the Anniston sample, while the levels of most other congeners were similar, generally falling closer to the levels for White participants in Anniston than for African-Americans. The vast majority of upper Hudson participants were White (97%), with a mean age of 64 years (Fitzgerald et al., 2007a) . The levels of many of the more highly chlorinated congeners were almost twice as high among African-American participants in Anniston as among the Hudson cohort.
In capacitor workers occupationally exposed to PCBs (Seegal et al., 2011) , high overall serum PCB levels were found 28 years after the end of PCB use in production (Table 7) . A pattern of elevated congener levels emerged as well, with the lightly chlorinated congeners 28 and 74 observed to be more abundant in the serum PCB compositions of the capacitor workers than in individuals of the general population in the same towns (Fitzgerald et al., 2007a; Seegal et al., 2011) . Compared to the concentrations found in Anniston participants, concentrations of PCBs 28 and 74 were 2 to 3 times higher among the Hudson older resident cohort and about 10 times higher among the former capacitor workers. Those two congeners were present in the highest proportion in Aroclor 1016, which was used in the GE plant in 1973 to 1977. In addition to PCBs 28 and 74, PCBs 105, 118 and 156 were also considered to be uniquely indicative of occupational exposure to PCBs from Aroclor mixtures in capacitor plants (Wolff et al., 1982; Seegal et al., 2011) .
However, concentrations of more highly chlorinated congeners among Anniston participants are similar to those seen in capacitor manufacturing workers (Seegal et al., 2011) . In fact, adjusted geometric mean concentrations of PCBs 99, 118, 138, 146, 153, 167, 170, 180, 183 , and 187 for African-American participants from Anniston are higher than those of the former capacitor workers (from whom serum was collected in [2003] [2004] [2005] [2006] . The occupationally related PCBs 105 and 156, along with PCB 177, were the only more highly chlorinated congeners for which serum concentrations were higher in the workers (Table 7) .
Study strengths and limitations
The primary purpose of this report is to describe exposure among ACHS participants using congener-specific data and examine exposure by demographic factors such as age, sex, and race. A detailed evaluation of predictors of PCB exposure and possible exposure pathways is the focus of a separate report currently in production.
The current study improves upon previous exposure assessments in Anniston in several ways. First, households were selected as a large, random, stratified sample for the current study, whereas previous investigations involved self-selected volunteers (ADPH, 1996; ATSDR, 2000b) or small sample sizes (Hansen et al., 2003; Orloff et al., 2003) . Due to advances in analytical methodology, PCBs were detectable in the vast majority of serum samples in the present study; in past ATSDR reports, approximately one-third (1999) and half (2000b) of the samples had PCB levels below the LODs. Also, two earlier reports provided data on total PCBs only (ADPH, 1996; ATSDR, 2000b) , while these congenerspecific analyses provide a more comprehensive profile of human PCB exposure from multiple pathways.
Limitations include the possibility of bias introduced by distributions of the sample by sex and age that do not reflect the study area's population. After the original random selection of households to contact, a truly random sample of individual participants was not achieved; if the first person to be randomly selected from a household declined to participate, another adult in the household was selected at random to replace them. Women and older residents may be more likely to be at home for door-to-door surveys conducted during daytime working hours, which may explain the high percentages of female participants (70%) and those over age 60 (42%). Non-random selection of individuals within households resulted in underrepresentation of men and participants under age 40 in this sample, which limits generalizability of the results. However, the ACHS sample was not intended to be representative of the demographics of the city of Anniston, in that it was designed to oversample in west Anniston.
Conclusion
Age-and race-stratified comparisons revealed that the geometric means for ΣPCBs were 2 to 3 times higher for African-Americans than for Whites from Anniston who lived in areas near the former PCB production facilities. In spite of large absolute differences in ΣPCBs, the PCB congener patterns were quite similar across race groups, suggesting similar sources or routes of exposure but a higher quantity of exposure in African-American participants. Geometric mean serum concentrations for ΣPCBs were found to be 1.5 to 3.5 times higher in the ACHS participants than in most comparable age and race groups from the NHANES 2003-2004 sample. The results of PCA showed that congeners appeared to covary in serum within this sample based on chlorine substitution patterns, similar to groupings reported for NHANES [2003] [2004] . ACHS participants over 40 years of age had ΣPCB concentrations similar to those in other groups living close to PCB-contaminated waste sites elsewhere in United States, but PCB concentrations for African-American participants in Anniston were closer to those of former capacitor workers occupationally exposed to PCBs. Much lower concentrations in participants younger than 40 years old suggest limited exposure to PCBs from environmental deposits in Anniston after the end of PCB production, which can only be confirmed in follow-up exposure analyses.
HIGHLIGHTS
• We measured levels of 35 PCBs in 765 adults living near a former PCB production plant.
• Median PCB levels were about 2 to 3 times higher in African-Americans than in Whites.
• Relative contributions of congeners to sum of PCBs were similar across race groups.
• No major differences were observed in the sum of PCBs between women and men. Least square geometric mean serum PCB concentrations (ng/g, lipid-adjusted) for selected congeners, by race. Geometric means (GM) were adjusted for age, sex, BMI, and current smoking status. All congeners shown here had >60% of results above LOD. PCA score plot of PC1 (accounting for 32.6% of variance) and PC2 (accounting for 15.3% of variance), with age group indicated by color. Younger participants are most concentrated in the bottom right corner of the plot (PC1 > 0, PC2 near or <0), while older participants dominate the center and right side of the plot. PC1 accounts for 27.0% of variance and PC2 accounts for 14.3% of variance. Table 1 Demographic characteristics (mean ± SE or percent) of the participants of the Anniston Community Health Survey.
Characteristic ( Variables with missing values: BMI (2); residential distance from plant (25); current smoking (9); drank alcohol in the past 30 days (13); high school completion (6); ever eaten locally raised hogs, chicken or other livestock (51); ever eaten fish from Snow Creek, Choccolocco Creek, or Lake Logan Martin (63); ever eaten local clay (34); ever eaten locally grown vegetables (9); ever occupationally exposed to PCBs (109); ever exposed to transformer fluids (45); ever occupationally exposed to ionizing radiation (70); ever occupationally exposed to lead, boron, mercury or cadmium (81); ever occupationally exposed to fertilizers (37); ever occupationally exposed to pesticides (40); ever occupationally exposed to herbicides (52); and ever occupationally exposed to solvents (50).
a A response of don't know or refusal is counted as missing. Table 2 PCB congeners in African-American participants of the ACHS (n = 353; ng/g lipid). Table 3 PCB congeners in White participants of the ACHS (n = 412; ng/g lipid). Table 4 Geometric means, selected percentiles and 95% confidence intervals for the sum of 35 PCBs (ΣPCBs) in the participants of the Anniston Community Health Survey (ng/g lipid and ng/g whole weight). Table 6 Least square geometric mean serum PCB concentrations (ng/g, lipid-adjusted) for selected congeners, by sex and race. Geometric means (GM) were adjusted for age, BMI, and current smoking status, as well as either race or sex, respectively. Congeners shown in Table 6 all had > 60% of results above LOD. 
